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functional magnetic resonance imaging (fMRI). Since
then, this approach has been utilized extensively in
awake human subjects and to a lesser extent in small
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lution permit the precise localization of large neural net-
works that can be further studied in great detail with
traditional electrophysiological techniques. Further-Summary
more, studies in monkeys permit the study of such net-
works in the context of a variety of behavioral tasks. ASpatiotemporally resolved functional MRI (fMRI) in ani-
mals can reveal how wide-spread neural networks are direct combination of imaging and electrophysiology
studies, however, requires novel instrumentation thatorganized and accompanying electrophysiological re-
cordings can show how small neural assemblies con- can provide the highest possible temporal and spatial
resolution at useful signal-to-noise (SNR) and contrast-tribute to this organization. Here we present a novel
technique that yields high-resolution structural and to-noise (CNR) ratios between gray and white matter.
This report presents a novel imaging approach usingfunctional images of the monkey brain with small, tis-
sue-compatible, intraosteally implantable radiofre- intraosteally implantable surface radiofrequency (RF)
coils (coils embedded into the skull bone) to acquirequency coils. Voxel sizes as small as 0.0113 l with
high signal-to-noise and contrast-to-noise ratios were ultra high-resolution (0.125  0.125  0.720–1.0 mm3 )
structural and functional images from the visual cortexobtained, revealing both structural and functional cor-
tical architecture in great detail. Up to a certain point, of monkeys. For surface coils, the signal decreases with
distance from the region of interest (ROI), and noisecontrast sensitivity increased with decreasing voxel
size, probably because of the decreased partial vol- increases with coil size. Hence, smaller coils have signifi-
cant advantages when they can be located near theume effects. Spatial specificity was demonstrated by
the lamina-specific activation in experiments compar- ROI. Intraosteal implantation brings the surface coil into
the closest possible proximity to the cortex without put-ing responses to moving and flickering stimuli. The
implications of this technique for combined fMRI/elec- ting any pressure on it, thus providing enhanced sensi-
tivity, which in turn is utilized to obtain improved spatialtrophysiology experiments and its limitations in terms
of spatial coverage are discussed. resolution. The report begins with a brief description of
the principles behind the operation of RF coils and the
variants used in our laboratory for imaging the monkeyIntroduction
brain. Secondly, a description is given of the tissue-
compatible, form-specific implants, including fixationNuclear magnetic resonance (NMR), one of science’s
success stories, rapidly transcended its beginnings as devices and RF coil holders, and of the anesthesia and
surgical procedures, with emphasis on the intraosteallya powerful analytical tool for physical and chemical anal-
ysis to find impressive applications in biomedicine. Ini- implantation of small RF coils in the occipital bone for
imaging the posterior visual cortex. Finally, the MRI-tially, it was used to gather anatomical information. Re-
cently, however, the potential of this technique for related anesthesia procedure is described and high-
resolution anatomical and functional images from mon-functional brain mapping was demonstrated, causing
a great deal of excitement in both basic and clinical key cortex are presented.
neuroscience. Specifically, Seiji Ogawa and colleagues
showed that by using the appropriate imaging se- Results
quences, the MRI technique can be made sensitive to
local magnetic susceptibility changes (a T2* time-con- Spatially Resolved Imaging
stant change) produced by alterations in the concentra- All the results presented in this paper were gathered
tion of deoxyhemoglobin in venous blood vessels from experiments conducted on anesthetized monkeys.
(Ogawa et al., 1990). This blood oxygenation level de- Three healthy monkeys (C97, D97, and F97) weighing
pendent (BOLD) contrast mechanism was subsequently 5.5 to 7 kg were used in 12 sessions. All studies were
utilized to obtain images of increased neuronal activity carried out with great care to ensure the well-being of
in the human brain (Bandettini et al., 1992; Kwong et al., the monkeys, were approved by the local authorities
1992; Ogawa et al., 1992), leading to the introduction of (Regierungspraesidium), and were in full compliance
with the guidelines of the European Community (EUVD
86/609/EEC) for the care and use of laboratory animals.3 Correspondence: nikos.logothetis@tuebingen.mpg.de
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Figure 1. High-Resolution T2*-Weighted Gra-
dient Recalled Echo Planar Images and Func-
tional Maps Using a 22 mm Implanted RF
Receiver Coil
(A) Top panels show axial multislice GE-EP
images of high signal-to-noise (SNR  194:1,
ROI  144 voxels) and contrast-to-noise ra-
tios (CNR 45:1, ROI 89 voxels). The actual
resolution was 250  250 m2 and the slice
thickness 720 m. Imaging parameters: TE
23.3 ms, TR  750 ms; segments  16,
matrix  256  256; FOV  6.4 cm; image
acquisition time  5.96 s. Excitation was
done with a linear surface coil. Both the im-
planted receiver and the linear transmit coil
were actively decoupled. Bottom panels
show correlation coefficient maps superim-
posed on the same EP images. (B) The first
slice of (A), scaled to permit visualization of
detail. The bottom arrow shows the Gennari
line of the primary visual cortex, and other two
arrows show the lunate (Lu) and the superior
temporal sulcus (STS) of the right hemisphere
(right is on the left). (C) Low-resolution and
contrast pilot scan to show the position of
the slices.
Scanning protocols, terminology, and details on the ac- simulated by a boxcar waveform (four ON/OFF cycles,
50% duty cycle) convolved with a  function. Corre-quisition and analysis are given under the section MRI
Data Collection and Analysis. lations with significantly nonzero coefficients (p 
0.000001, threshold subjected to the Bonferroni correc-Figure 1A top panels demonstrates the signal-to-
noise (SNR  194:1, ROI  144 voxels positioned ap- tion) varied from 0.52 to 0.93. The activity maps shown
in Figure 1A were produced by correlation coefficientsproximately in the region of highest signal intensity, typi-
cally on the primary visual cortex, for the measurement greater than 0.75. The arrows in Figure 1B show the
Gennari line (Gen) of striate cortex, and the lunate andof signal intensity) and contrast-to-noise (CNR  45:1,
ROI 89 voxels) of T2*-weighted images acquired using superior temporal sulci. The former covers an approxi-
mately 200 m thick lamina between the cortical layershigh-resolution 5 slice EPI with an actual resolution of
250  250 m2 and a slice thickness of 720 m. Only IVA and IVC. It appears dark in T2*-weighted images
because it contains a large number of horizontally ar-the first three slices are shown. The bottom panels show
correlation coefficient maps superimposed on the same ranged, myelinated axons (T2 values are shorter for fat)
from collaterals, horizontal axonal branches, and as-three slices. Robust activation was obtained in an exper-
iment based on block presentation design. The stimuli cending ramifications of layer 4B spiny stellates.
Roughly speaking, T2*-weighted images of corticalused to generate BOLD images of the visual cortex were
polar-transformed checkerboard patterns (polar checks) slices are similar in contrast to histological images
stained for myelin (e.g., Weil, 1928). Figure 1C show arotating at 60 /s. The direction of rotation was reversed
every second to minimize adaptation. An experiment low-resolution and contrast pilot scan that indicates the
position of the slices.consisted of eight alternating ON/OFF epochs, each
lasting 48 s. The images acquired during the first 6 s of Figure 2A shows another example of a T2*-weighted
EP image obtained with an actual resolution of 125 each epoch were discarded; only steady-state magneti-
zation data were analyzed. No spatial filtering was ap- 125 m2 and a slice thickness of 720 m. Here, too, the
Gennari line of the primary visual cortex is clearly visible,plied to these data, and the activation maps were pro-
duced by crosscorrelating the observed signal at each as are the small cortical vessels that are known to vary
in their degree of cortical penetration. The green arrowsvoxel in a group of images with a single reference wave-
form (Bandettini et al., 1993). The response function was show two vessels of Group 5 according to Duvernoy
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Figure 3A shows the fMRI correlation coefficient maps
(in color) superimposed on the actual EPI (T2*-weighted)
images of a monkey during visual block-design stimula-
tion, while Figure 3B shows the signal modulation aver-
aged across 24 voxels. Visual stimulation was the same
as that described previously for Figure 1. The sections
are around the lunate sulcus; activation extends into
the primary and secondary visual cortices (V1 and V2,
respectively). SNR was 27:1 for an ROI 36 voxels large
and placed over the high signal intensity region in the
image; image acquisition time was 5.96 s. CNR was
21:1, with signal modulation varying from 2% to 7%; it
was averaged for regions of interest approximately
15–24 voxels in size. In the experiment shown in Figure
3, volumes of four slices 720 m thick were acquired
with a FOV of 32  32 mm2 on a matrix of 256  256.
Localization of Activity
Visual responses to a slowly moving bar with flickering
texture were used to qualitatively examine the extent
of BOLD activation and its spatial precision. The bar
appeared in the center of the visual field and moved
toward the periphery in 0.5 steps, reaching an eccen-
tricity of 4.5. Figure 4A shows the location of the ROI
imaged in high resolution. The figure illustrates the or-
thogonal views of the monkey brain, with the green rect-
angle (with dashed contours) depicting the region for
which functional maps were generated. The slice was
selected on the basis of a pilot experiment using full-
field stimulation. Figure 4B shows the full-field stimulus
and Figure 4D the elicited activation. Figure 4C shows
the moving bar stimulus with flickering texture, while
Figure 4E illustrates the activity patterns on the two
selected slices, generated by the bar presented at differ-
ent eccentricities. Note that activation moves along the
operculum from an area close to the lunate toward the
Figure 2. Ultra High-Resolution EPI and Visualization of the Coil’s occipital pole, corresponding to an azimuth of approxi-
plane with an inversion Recovery Sequence mately 7–8. It has already been established that the
(A) Example of a T2*-weighted EP image obtained with an actual striate cortex of the macaque contains a complete repre-
resolution of 125 125m2 and a slice thickness of 720m. Acquisi- sentation of the contralateral visual hemifield on each
tion was done with an RF coil of 22 mm. The cortical region shown
side, with the outer surface, the operculum (mostlycorresponds to the foveal and parafoveal regions of striate cortex
shown in this paper), containing the most central partsapproximately on the horizontal meridian. SNR  23:1, ROI  160.
of the field. The fovea is represented laterally and theImaging parameters: FOV  32  32 mm2; M  256  256; slice 
1 mm; voxel size 0.016l; TE 58 ms; TR 1250 ms; segments zero horizontal meridian runs medially, reaching an azi-
8; flip angle  20. (B) Inversion recovery (IR RARE) with slices muth value of 8 at the midline, and subsequently turning
selected tangentially to cortex. The middle slice shows also the around the medial edge of the hemisphere (Daniel and
actual RF coil embedded in the bone. FOV  60  60 mm2; matrix
Whitteridge, 1961). Area V2 has a long common bordersize  256  256; slice  2 mm; voxel size  0.11 l; TE  13 ms;
with striate cortex (V1) and a visual representation whichTR  3500 ms; NEX  4. SNR  32:1, ROI  149 voxels. Gen:
is a mirror image of that in V1 (Gattass et al., 1981; Zeki,Gennari line; V: the green arrows show examples of small cortical
veins penetrating the cortex. 1969a, 1969b). As can be seen in Figure 4E, and as
shown by others (Deyoe et al., 1994, 1996; Sereno et
al., 1995), activation in area V2 actually “moves” in the(Duvernoy et al., 1981), which consists of arteries and
opposite direction along the cortex and with respect toveins (the MR images show the veins). These vessels
the fovea, because of the retinotopic organization ofpass through the entire cortical thickness and vascu-
this area, which is mirror-symmetrical to that of V1.larize both cortex and the adjacent white matter. Diame-
ter measurements after methyl methacrylate injections
show that the veins of this group may have an average Lamina-Specific Activation
A further aim of this study was to examine spatial preci-diameter of 120 m. The actual resolution of the pre-
sented image permits the visualization of susceptibility sion by attempting to visualize lamina-specific BOLD
activation. About one third of the striate cells are direc-effects produced by such tiny vessels. Figure 2B is an
inversion recovery (IR RARE) image with slices selected tionally selective (Albright, 1984; Colby et al., 1993; De
Valois et al., 1982; Desimone and Ungerleider, 1986;tangentially to cortex. The middle slice shows also the
actual RF coil embedded in the bone. Goldberg and Wurtz, 1972; Schiller et al., 1976). How-
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Figure 3. Very High-Resolution Functional
MRI Acquired with an Implanted Coil of 18
mm
(A) Selected adjacent slices of high-resolu-
tion activation maps superimposed on the ac-
tual EPI (T2*-weighted) images of a monkey
during visual block-design stimulation. Visual
stimulation as in Figure 1 (see text). (B) Signal
modulation, averaged across 15–24 voxels,
varied from 2% to 7% and is shown in an ROI
(20 voxels) in the middle slice, with up to 4%
signal modulation. Imaging parameters: TE
59.36 ms, TR  1500 ms, flip angle  20,
segments  8; FOV  32  32 mm; M 
256  256; slice thickness  720 m; voxel
size  0.01 l; SNR was 27:1 for an ROI of
36 voxels and an image acquisition time of
5.96 s.
ever, in striking contrast to the distribution of directional 32  32 mm2 on a matrix of 256  256 (0.125  0.125
mm2 resolution), slice thickness  1 mm, TE/TR  20/cells in cat striate cortex, those in the monkey are distrib-
uted nonuniformly, and are most commonly found in the 750 ms, FA  30–50, spectral width (SW)  50 to 150
kHz, line acquisition time 2.53 to 5.12 ms, number ofupper portions of layers 4Ca, 4B, and 4A and in layer 6
(Dow, 1974; Hawken et al., 1988). Moreover, directional segments 8 or 16. Lamina-specific activation was in-
deed obtained by comparing the activity elicited by mov-units have a patchy horizontal distribution within 4B.
Wheat-germ agglutinated horseradish peroxidase (WGA- ing and flickering visual stimuli. Figures 5A and 5B show
the anatomical position of the selected slice, while Fig-HRP) labels both feedforward and feedback projections.
When it was injected into the middle temporal visual ure 5C shows the z score map obtained by comparing
the activation elicited by the moving stimulus to thatarea (MT), it revealed a tangential segregation of cell
groups within 4B, some of which are connected to MT elicited by the blank screen. Activity in V1 was found to
be mostly distributed in the middle and infragranularwhile others are not (for review, see Snowden, 1994).
Thus, the number of directionally selective cells in area layers. Activity in V2, on the other hand, appeared to be
concentrated in the supragranular layers of cortex.V1 may be underestimated due to sampling bias.
The purpose of this last experiment was to examine
whether lamina-specific activation can be discerned by Discussion
fMRI when comparing BOLD responses to moving stim-
uli with those elicited by flickering stimuli with the same The aim of this report was to introduce a novel technol-
ogy for high-resolution functional magnetic resonancespatio-temporal parameters. Polar-transformed check-
erboard stimuli were used which either rotated smoothly imaging in the nonhuman primate. We used intraosteally
implanted RF coils to achieve sufficient signal- and con-at 4 Hz or were counterflickered at the same temporal
frequency. The direction of rotation was again changed trast-to-noise ratios for very high-resolution imaging
that can be also combined with simultaneous electro-every second to minimize adaptation. A typical scanning
session consisted of four repetitions, with every scan physiological measurements within the magnet (Logo-
thetis et al., 2001).divided into four epochs lasting 48 s each. Image acqui-
sition time was 5.96 s, so eight images were acquired In the functional imaging experiments presented here,
we used exclusively echo-planar imaging, not only be-in each epoch. In this block-design stimulation, moving
and flickering stimuli were interleaved with a blank cause it is a very efficient means of acquiring complete
images very rapidly, but also because the minimal imagescreen with the average luminance of the patterns (15.7
cd/m2 ). Figure 5 shows the hemodynamic responses acquisition time and the short repetition times required
by this protocol allow the direct comparison of the he-obtained under these stimulation conditions. Figure 5A
illustrates the plane of the slice selected for high-resolu- modynamic responses with the underlying neural activa-
tion in simultaneous imaging and physiology experi-tion imaging. The parameters of this scan were FOV 
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Figure 4. Activity Localization in High-Reso-
lution fMRI
(A) The figure shows orthogonal views of the
monkey brain, with the green rectangle
(dashed) depicting one of the two functional
maps illustrated in (D) and (E). The yellow bar
shows the coil position. (B) The stimulus used
to obtain activation of the foveal and parafo-
veal striate cortex as demonstrated in (D). (C)
The moving bar stimulus used to demonstrate
eccentricity-specific activation in areas V1
and V2. (D) Two adjacent slices, with the T2*
images on the left and the same images with
superimposed activation maps on the right.
The color bar shows percent signal modula-
tion. Activation can be seen in areas V1, V2,
V3, and V4. (E) illustrates the activity patterns,
on the two selected slides, elicited by the
flickering color bar presented at different ec-
centricities. Note that activation moves along
the operculum from an area close to the lu-
nate toward the occipital pole, corresponding
to an azimuth of approximately 7–8. Activa-
tion in area V2 “moves” in the opposite direc-
tion (if the cortex were seen unfolded) be-
cause of the mirror-symmetrical retinotopical
organization of this area. In other words, the
activation moves in opposite direction with
respect to the fovea, which is close to the lip
of lunate sulcus. Imaging parameters: ses-
sion: FOV 58 58 mm2 on a matrix of 256
256; Slice  720 m; actual voxel size 
226.5  226.5  720 m3, TE  31.66 ms,
TR  750 ms, segments  8. Average signal-
to-noise within the ROI (36 voxels) was 35:1.
Image acquisition time 5.96 s.
ments. Fast, highly temporally resolved EPI has the be overcome by using multiple decoupled coils (phased
arrays).disadvantage of relatively low resolution compared to
other conventional MRI methods (Frahm et al., 1993; The afforded spatial resolution enabled the visualiza-
tion of structures (e.g., small intracortical vessels) thatFransson et al., 1997; Merboldt et al., 1995), which can
of course be employed when temporal resolution is not a are commonly observed only in situ in histology micro-
photographs obtained following intravascular injec-requirement. In our imaging experiments, slice thickness
was actually limited by instrument performance rather tions. The CNR of the images was sufficient to identify
typical myeloarchitectonic features, such as the charac-than SNR. Imaging with voxel sizes as small as 0.011
l had a good (20–60:1) SNR and gave robust signal teristic stria of Gennari in the primary visual cortex. The
first successful use of MR imaging to determine themodulation, displaying increased contrast sensitivity,
presumably because of the decreased partial volume laminar myelination pattern of gray matter was reported
by Vincent Clark and colleagues (Clark et al., 1992).effects that have been reported in gradient-echo im-
aging (Haacke et al., 1994). For any given RF coil, an These investigators obtained images of brain slices of
391  391 m2 in-plane resolution and 3 mm thicknessexcellent SNR can be obtained not only for the brain
surface, but also for regions as deep as approximately using proton density (PD) weighted inversion recovery
images (TR/TE  2500/27 ms, TI  160 ms) and spinone coil-radius to one coil-diameter. With the implanted
coils used in these studies, it was therefore possible to echo images of the same resolution with parameters
TR/TE  3000 ms, and TE  23 ms. A 1.5T scanner wasvisualize structures located as deep as 11 mm from the
brain’s surface with very high signal-to-noise ratio, and used with a 5 in surface coil. Their PD images (Figure
6, on page 419) clearly reveal the presence of Gennarisomewhat deeper with decreasing SNR. A drawback of
such small coils is their limited coverage, but this can line of a living volunteer. Postmortem brains were subse-
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Figure 5. Lamina-Specific Activation Ob-
tained by Comparing Moving to Flickering Vi-
sual Stimuli
(A) Orthogonal views and brain/skull render-
ing used to illustrate the position of the se-
lected slice. (B) Axial slice showing the ROI
studied with the surface coil. The yellow
square is the region shown in (C) and (D). It
also depicts the position of V1 and V2. (C)
The figure shows the z score map obtained
by comparing the activation elicited by the
moving stimulus to that elicited by the blank
screen. (D) z score map obtained in the same
ROI by comparing the responses to the mov-
ing stimuli to those elicited by flickering stim-
uli. Activity in V1 is mostly distributed in the
middle layers, marked by the dotted green
line. M-B: motion against blank; M-S: motion
against flickering (static) stimuli. (E) Signal
modulation for all four repetitions of an obser-
vation period. Signal modulation varied from
1.2% to 6.3% depending on location and ex-
periment. M: moving, B: blank, S: static (flick-
ering).
quently used to directly compare imaging and histology (Grinvald et al., 2000) or to migration of deoxyhemo-
globin from the tissue of origin to larger and distantresults. The results presented here confirm this initial
observation and show that myeloarchitectonic images venous blood vessels due to blood flow (Duong et al.,
2001). Consistent with either explanation, we were notcan also be obtained by using a high-resolution EPI
protocol, which can be used to identify a large number able to observe a columnar organization from the highly
robust and reproducible positive BOLD signals in theseof cortical regions on the basis of their myeloarchitec-
tonics. preliminary studies. It has been suggested that high-
resolution imaging capable of revealing ocular domi-High-resolution fMRI revealing cortical microarchitec-
ture was recently reported in human fMRI experiments nance or orientation columns should be possible by
exploiting the initial “dip” of the BOLD response, which(Cheng et al., 2001). In our studies, we have been unable
so far to obtain images showing a columnar organization is thought to reflect a localized increase in oxygen con-
sumption (Grinvald et al., 2000). Several attempts in thisof ocular dominance. The most prominent feature of
the BOLD time response is the large signal increase laboratory to demonstrate “dip”-based columnar orga-
nization in fMRI experiments have failed so far to revealassociated with increased blood flow, which tends to
overcompensate the necessary oxygen consumption the kind of ocular dominance patterns demonstrated in
optical imaging experiments (Grinvald et al., 1991; Ts’oand produce a low-deoxyhemoglobin state. The high-
flow/low-deoxyhemoglobin state achieved during neu- et al., 1990). This may be due to the complex gated
scheme that was employed to simultaneously generateronal stimulation is thought to lack spatial specificity at
the columnar level. This has been ascribed to a nonspe- high temporal and spatial resolution using highly seg-
mented EPI sequences. In this scheme, a single imagecificity of the blood flow regulation at the columnar level
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Figure 6. Homogeneous Volume Coils
(A) Schematic drawing of a homogeneous
volume coil used in our magnet of 4.7T field
strength. The design of the volume coils was
determined by the constraints of achieving
maximum SNR (as close to the head as possi-
ble) while still permitting the connection of
the animal to the anesthesia machine (leaving
space for the proximal part of the breathing
system). The coil shown here was con-
structed from 0.5 mm thick fine-silver strips
of 12 mm width, with four inserted ceramic
capacitors of 8.2 pF each (American Techni-
cal Ceramics, ATC, 100E series). The tune/
match (T/M) network shown on the left panel
was made from two variable high voltage ca-
pacitors T, M (Voltronics Inc.) together with
the high voltage ceramic balance-capacitors
B (ATC). (B) The entire circuitry was attached
to a cylindrical acrylic former of 120 or 125
mm diameter, with an opening for the mon-
key’s snout. Operationally, the system is a
conventional linear saddle coil made from
two 120 loop segments. The radio frequency
current coming from the T/M circuitry is fed
into the saddle structure at point a and is
distributed evenly to the two loops. The com-
bined RF current returns at point b to the
tune/match unit. (C) Example of an anatomi-
cal scan to demonstrate the quality of images
obtained with the coil described above. Note
the gray/white matter delineation of cortex
and caudate in the horizontal and the detailed
representation of cerebellum in the sagittal
views. The acquisition parameters for this
particular T1-weighted scan were: TE 4 ms,
TR  14.9 ms, flip angle (FA) 20, inversion
time () 800 ms, and eight segments. The ac-
tual resolution was 500 500 500 m3. The
3D-MDEFT (Lee et al., 1995) imaging protocol
was used because it was shown to be largely
insensitive to B1 inhomogeneities, achieving
reasonably uniform contrast for different
brain regions such as cortex, thalamus, cere-
bellum, and basal ganglia (Ugˇurbil et al.,
1993). On the upper left panel, a 3D brain
reconstruction is shown, illustrating the posi-
tion of the horizontal slice presented on the
upper right panel.
is formed by combining different segments acquired in a presumably degraded by the veins that run across the
layers (as shown in Figure 2A). This nonspecific contri-gated fashion after different presentations of the stimuli
that are up to 64 s apart. Although a number of navigator- bution, however, is expected to be superimposed on
BOLD contributions from capillaries that can provideecho based corrections were applied on the data, the
segmented nature of acquisition may still be degrading layer specificity if the blood flow changes are regulated
differentially at the level of cortical layers. Better layerthe image. This will be examined in future studies utiliz-
ing methods and improved hardware that will enable specificity is anticipated with BOLD methods that avoid
contributions from veins and are selective for capillaries,high-resolution fMRI studies in a single shot.
Spatial precision was demonstrated with the lamina- such as Hahn Spin Echo BOLD at very high magnetic
fields (Ugˇurbil et al., 1999). A recent human fMRI studyspecific activation obtained in experiments comparing
responses to moving stimuli with those elicited by flick- suggested that the origin of the BOLD signal may actu-
ally be the vascular layer 3, presumably extending intoering stimuli. Activation under these conditions was
mostly observed in the granular layers (upper portions of adjacent vascular layers (Hyde et al., 2001). In contrast,
studies in -chloralose anesthetized rats at 9.4T fieldlayers 4Ca, 4B, and 4A), which in the striate cortex of
the monkey are known to have a high concentration strength demonstrate that forepaw stimulation induces
maximum BOLD signal changes at superficial corticalof directionally selective cells (Dow, 1974; Hawken et al.,
1988). This result, although reproducible and consistent layers (Duong et al., 2000). Similar observations were
very recently reported for anesthetized cats (Harel etover four sessions in two of the animals, is somewhat
surprising, as layer specificity in T2* BOLD imaging is al., 2002). Heterogeneity—in terms of response ampli-
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Table 1. SNR Obtained with Different Designs and Coil Sizes Using mitting the generation of detailed anatomical and func-
a Phantom tional maps, respectively. Such studies, in which voxels
may contain as few as 600–800 cortical neurons, areCoil (Full Width at Half Maximum after SNR SNR
Shimming in Brackets) Mean SD sure to help us understand how neural networks are
organized and how small assemblies of neurons contrib-Volume coil (4 Hz) 15.5 0.5
ute to the activation patterns revealed in fMRI experi-Quadrature coil (9 Hz) 40.4 0.9
Linear transmit, active decoupling, transceive 18.4 0.4 ments. Future efforts will focus on the development of
mode (6.7 Hz) methods that combine high spatial resolution with ex-
30 mm surface coil in transceive mode (7.2 Hz) 71.4 1.0 tended coverage. They will include, for example, the
22 mm surface coil in transceive mode (5.5 Hz) 90.5 2.2
construction of a phased array set of noninteracting18 mm surface coil in transceive mode (8.5 Hz) 111.9 3.1
(electrically decoupled) coils with separate channels.22 mm surface coil receive/linear coil transmit 73.7 1.1
Such coil sets can be used to obtain information fromgeometrically decoupled (6 Hz)
22 mm surf. coil receive (manually tuned and 79.4 2.0 multiple small fields of view, combining the very high
matched)/linear coil transmit, actively resolution of a limited field of view with the kind of
decoupled (6 Hz) excellent coverage that MRI can offer, in contrast to
22 mm surf. coil receive (eletrically tuned and 45.5 0.7
high spatio-temporal resolution electrodes that samplematched)/linear coil transmit, actively
information from very small brain regions.decoupled (5.5 Hz)
MRI sequence: EPI, FOV  6.4 cm  6.4 cm, matrix 256  256,
slice thickness 1 mm, 4 slices, no gap between slices, spectral Experimental Procedures
width  100 kHz, effective bandwidth in the phase encode
direction  3156.57 Hz, 8 segments, TR/TE  750/28.33 ms, EPI- Radiofrequency Coils
The role of a radiofrequency (RF) system in the context of magneticzero-phase 20% of phase steps or 16.22 ms, segment acquisition
time  81.1 ms, line acquisition time  2.5344 ms, flip angle  40, resonance (MR) imaging is to generate and acquire the MR signals
(for a comprehensive review on MRI principles and instrumentation,24 dummy scans (18 s) before start of acquisition. Image acquisition
time was 5.96 s. see Matwiyoff and Brooks, 1999; Vlaardingerbroek and Den, 1996;
Wood and Wehrli, 1999). A tissue sample placed in a strong static
magnetic field B0 acquires a slight magnetization, M, consisting of
the sum of the quasi-static components of the individual magnetic
moments. The MR signal is generated when the magnetization Mtude and onset time—in the BOLD response across the
undergoes free precession in the transverse plane after it has beenlayers of the somatosensory cortex was also found in
rotated out of alignment from B0 by a pulsed B1 field of the correctrats in 11.7T field at 50  50 m2 and 200  200 m2 in-
frequency and amplitude. This precession induces a voltage in a
plane resolution and slice thickness of 2 mm. Response coil made of a suitable conductor, and this voltage is the source of
amplitude was found to decrease from the pial layers the information required to construct an image. The RF system is
a transceiver system used both to generate the B1 field and toto layer VI. Latencies, on the other hand, were short in
receive the RF signal transmitted by the tissue. It is typically anthe granular and upper infragranular layers and longer
integral part of any imaging system and is delivered with the magnetin layers I–III and VI, suggesting preservation of the tem-
and all the other components of an MR scanner. However, coils canporal order of neuronal events in the BOLD response
be also custom-made in all kinds of different designs to accommo-
(Silva and Koretsky, 2002). Layer specificity has been date the needs of specific experiments. They can be used as trans-
also demonstrated in rats by exploiting the role of man- mit-only, receive-only, or transceiver devices, whereby the last type
first transmits the B1 field and then, after a certain adjustable delay,ganese ion (Mn2	) as a calcium analog. It has been
receives the free-induction decay (FID) from the magnetization al-shown that the highest manganese concentration, and
tered by B1.hence highest synaptic activity occurs mainly in the layer
Briefly, RF coils are equivalent to an electrical circuit with induc-IV of somatosensory cortex (Duong et al., 2000). All in
tance (L), capacitance (C), and resistance (R) tuned to a specific
all, these studies, too, suggest that the strongly reduced frequency (
), which for MRI is the precessional frequency of the
macrovascular contributions in the high magnetic field nuclear spin moments. Optimizing a coil commonly involves increas-
ing its quality factor (or filling factor), Q. The latter is defined as thepermit the usage of hemodynamically based fMRI tech-
maximum energy stored divided by the average energy dissipatedniques to accurately map neuronal activity.
per radian; it can be improved by fine tuning the parameters LIn summary, MR images of very high spatial and tem-
and C and minimizing R for any given frequency. (The smaller theporal resolution were obtained in monkeys at 4.7T with
resistance, the sharper the resonance curve.) The RF coil design
implanted coils used either as transceivers or as receiv- can be optimized (a) for signal homogeneity over the whole monkey
ers only. Image resolution is known to depend on a brain (Figures 6A and 6B), (b) for increased sensitivity over a given
ROI, an example being the large quadrature surface-coil that wasnumber of scan factors, including sampling frequency
designed for imaging the visual cortex of the occipital lobe (Figurebandwidth, reconstruction method, measurement sen-
7), or (c) in the case of surface coils, for very high-resolution studiessitivity, and gradient strength. The latter is inverse pro-
of a small area of interest, such as small portions of the primaryportional to the 5th power of the gradient radius, and it
visual cortex or small regions of areas V2, V3, V4, and V5 (MT).
can thus be a strongly limiting factor in imaging experi- Examples of various sizes of small surface coils are shown in Figure
ments with monkeys or humans. Similarly, SNR can be 8. Brief descriptions of the various types of coils we have utilized
in these studies have appeared elsewhere in the form of proceedingsa limiting factor when using volume coils that are large
or abstracts (Merkle et al., 1999a, 1999b, 2000). In our research,enough to include microdrives and recording elec-
whole-head coils were either of the linear birdcage type (not showntrodes. The findings presented here show that image
here), with an inner diameter of 198 mm (Bruker Inc., Ettlingen,quality can be sufficiently improved by closely matching
Germany), or custom-made linear homogeneous volume coils (sad-
the size, shape, and proximity of a radiofrequency (RF) dle coils) such as those shown in Figures 6A and 6B. In the birdcage
coil to the structure of interest. Both T1- and T2*- coil, the lengths of the rods and their positions were determined so
as to cover the monkey’s entire brain, while leaving space for theweighted images of high contrast can be acquired, per-
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Figure 7. Quadrature Coil
(A) The two-loop coil was optimized for in-
creased sensitivity for imaging the posterior
visual cortex in the occipital lobe. It consists
of two cylindrically curved surface coils that
overlap in order to null mutual inductance (ge-
ometrical decoupling). Together with an RF
hybrid of a quadrature structure which vector
adds the phase-shifted radiofrequency fields
(B1), this surface coil assembly increases the
SNR in regions where B1 fields of the coils are
near orthogonal by a theoretical maximum
of 40% and can image deeper brain areas,
including many of the extrastriate areas that
are within the lunate and superior temporal
sulci. In principle, a single loop of this assem-
bly can be used by itself (i.e., without a hybrid)
as a transmit/receive (transceive) surface
coil. Each coil has a T/M similar to that shown
in Figure 6. The two 85 mm diameter loops
are made of solid 4 mm diameter silver wire
with an inserted ATC capacitor of 5.6 pF. The
coil assembly covers an arc of approximately
180. (B) Horizontal T2* - weighted GE-EPI im-
age of 1  1  2 mm3 resolution. Note the
high SNR (59.7:1, ROI 181) and CNR (24.2:1,
ROI  69) in the posterior part of the brain
compared to the SNR (32.9:1, ROI 171) and
contrast (19.7:1, ROI 67) in the anterior part.
On the right panel, an fMRI map generated
by the time-cross correlation method is su-
perimposed on a 3D-MDEFT image in order
to better discriminate anatomical structures. The correlation coefficient map was obtained using a single 12.5 s presentation of a polar-
transformed checkerboard pattern rotating at 60/s. The direction of rotation was reversed every second to avoid adaptation. Imaging
parameters for the EPI scan: FOV  128  128 mm2; M  128  128, reconstructed to 256  256; slice  2 mm; Voxel Size  2 l; TE  20
ms; TR  250 ms; NEX  1. SNR  73:1, ROI  300 voxels. Imaging parameters for the MDEFT scan: TE  4ms, TR  21 ms, flip angle 
20, inversion time () of 800 ms, and four segments.
anesthesia breathing system. To bring the animal’s brain as close two geometrically decoupled loops (Figure 7A) were driven 90 out
of phase to achieve pseudo-quadrature leading to improved SNR,as possible to the magnet’s iso-center in the posterior-anterior di-
mension, the rods were positioned in a U-shape rather than on the better B1 penetration, and better B1 homogeneity than a single loop
surface coil of similar dimensions. Figure 7A shows the circuit ofperimeter of a circle. This arrangement provides 3 cm more space
in the front part of the coil and shifts the most sensitive portion of a typical monkey-customized, large quadrature surface coil, while
Figure 7B illustrates the T2* and MDEFT images that can be obtainedthe B1 field in a posterior direction. The saddle coil was constructed
from two 120 segments. Several sizes were built in order to max- with this coil. The activation recorded with a 1 1 2 mm3 resolution
in response to a visual stimulus (a rotating polar-transformed check-imize signal-to-noise while imaging the individual anatomy of a par-
ticular size of monkey head/brain, and they were optimized either erboard pattern with 100% contrast) is superimposed on an anatom-
ical scan.for very high sensitivity or for homogeneity over the entire region
of interest or the whole monkey brain. Figure 6C shows an anatomi- All large coils (small surface coils are discussed below) used in
the experiments were constructed of 10 to 12 mm wide, 0.5 mmcal 3D-MDEFT scan (see MRI Data Collection and Analysis) gener-
ated using the coil shown in Figure 6B. The images illustrate the thick fine-silver strips or of 4 mm diameter fine silver wire, with
inserted ceramic capacitors. The coil wire and tune/match circuitexcellent SNR and CNR that can be obtained in monkey fMRI with
this type of volume coil. assemblies were attached to a cylindrical acrylic former (120 mm
or 125 mm diameter), which was usually mounted on a base rotatingTable 1 shows the SNR obtained with different designs and coil
sizes using a phantom (a glass cylinder 5 cm in diameter and 7 cm around the z axis in order to geometrically decouple the transmit
coil from the receive coil (see, for example, Figure 6B).high, containing agar in 0.5% saline) for quality testing. Coil tuning
and matching was performed while visually monitoring the reflected With surface coils, the measured signal decreases as the distance
of the coil from the ROI increases, while the noise detected by asignal using an RF network analyzer (Hewlett Packard, 8712ET).
Shimming was done manually using a hard pulse with 50 kHz spectra coil increases with coil size. Therefore, small surface coils are often
used in either human or animal studies to provide the highest possi-width and 50 s pulse duration (full width at half maximum). SNR
measurements were carried out using four equally sized ROIs in the ble SNR and allow the use of small voxel sizes in high-resolution
imaging (e.g., Garwood et al., 1989; Gruetter et al., 1990; Hendrichnoise (one at each corner of the image) and one ROI in the signal
of the same size as the four noise ROIs together (1733 pixels or et al., 1994; Le et al., 1987; Lopez-Villegas et al., 1996; McArdle et
al., 1986; Merkle et al., 1993; Rudin, 1987; Walker et al., 1991). In1.08 cm2 ). Measurements (10 repetitions) were done in slice 3 of 4
slices. SNR was defined as (mean signal  mean noise)/(standard animal experiments, the SNR of such coils can be further increased
substantially by actually implanting the coils in the body (Farmer etdeviation of the noise). The CNR between two regions, e.g., cortex
and white matter, was defined as (mean signal of cortex  mean al., 1990; Summers et al., 1995) or—as we show here—intraosteally.
Our small RF surface coils were made of 2 mm thick, Teflon-insu-signal of white matter)/(standard deviation of the noise).
An additional improvement in SNR in the posterior part of the lated, fine-silver wire and had diameters varying from 18 mm to 30
mm. The implantable coils had diameters of 15 mm or 22 mm (seebrain was obtained for early visual cortex studies using a relatively
large surface coil that allowed imaging of the entire brain, albeit Figure 8A). Their electronic circuitry had nonmagnetic (copper/beryl-
lium) slotted tubes to ensure a reliable electrical connection.with decreasing sensitivity toward the frontal areas. In this design,
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Figure 8. Implantable RF Coils
The coils were made of insulated silver wire
and were used either as transceivers or re-
ceive only. All circuits were equipped with
nonmagnetic (copper/beryllium) slotted tubes
to ensure reliable connection with the silver-
wire loops. (A) Implantable coils. (B) Circuit
for coils with manual T/M circuit. (C and D)
Electronic assembly for coils used with a sep-
arate transmit unit (decoupled). The small
metallic tubes in the lower part of the photo-
graphs are directly connected to the im-
planted coil. (E) Schematic drawing of the
dual loop transmit coil and the implantable
receive coil, together with their principles of
operation. X, Y, and Z correspond to the mag-
net’s coordinate system, Y being the phase
encode direction. (F) Circuit for a manually
tuned and matched RF coil. (G) Receive coil
T/M circuit with pin diode decoupling. This
circuit is used in combination with the trans-
mit coil shown in Figure 9. The receive coil
T/M circuit with remote tune (C and D) and
with match and decoupling capability was re-
built from a commercial unit (Bruker, Active
Decoupling on DBX Systems V 96.01, Bruker
Inc., Ettlingen, Germany). The unit was modi-
fied for extended tuning range by adding a
parallel capacitor that enabled manual fre-
quency shifts. This simple modification al-
lowed the use of different loop sizes in the
implant (shown in [A]).
The coils in Figures 8B and 8F have a plain tune and match Tissue-Compatible, Form-Specific Percutaneous Implants
The research presented here, like most experiments with alert,network for sturdy operation. They were used both in receive-only
mode and in transceive mode. For receive only-operation, these trained animals, typically require a surgically positioned head fixa-
tion device and a recording chamber. Such devices fall into thecoils relied only on geometry illustrated in Figure 7E to attain decou-
pling from the transmit coil; maximal decoupling was achieved by category of percutaneous implants, i.e., foreign objects that pene-
trate through a surgically created skin defect. The skin-interfacingrotating the larger transmit coil once the animal and hence the
implanted surface coil was fixed in place. The coil in Figures 8C part of these implants is critical because a number of physiological
mechanisms of wound healing, particularly in the epidermis, activelyand 8G was manually tuned and matched while that in Figure 8D
was remotely tuned and matched. The circuit of the coil in Figure expel the implant and seal the integumental lesion. The problem is
well known in human medicine, where a large variety of percutane-8D was built on the same principle as that provided by the scanner
manufacturer (Bruker Medical Inc., Ettlingen, Germany). It was modi- ous devices are used for blood access and sampling, for dialysis,
for the attachment of various limb prostheses, as power suppliesfied, however, to include mechanical disconnection and remote
electronic detuning during transmission using a pin diode. for cardiac stimulation and control, as urinary conduits or corneal
implants, etc. Ongoing research (Browne and Gregson, 1994; Coch-Figure 9 shows an example of a transmit coil used in conjunction
with the implantable RF coils. It has a “double D” structure with the ran et al., 1997, 1998; Eisenbarth et al., 1996; Gross, 1988; von and
Park, 1981) examines various types of materials, including materialsRF current feeding points at the common base. This coil was used
either as a transceiver or—by using electronic decoupling and/or that can be used for percutaneous devices. In standard animal
electrophysiological experiments, fixation or recording devices aregeometry (Figure 7E)—as a transmitter, with reception accom-
plished by the implanted coils. During the surgical placement of the commonly fixed with dental acrylic (for review on acrylic cement,
see Gosain and Persing, 1999), whereby the bone-acrylic bond isimplanted coils, special care was taken to optimize the loaded Q
of the coils. The Q factor can be directly affected by placing the strengthened by stainless-steel or titanium screws. Most commer-
cially available dental acrylics consist of a monomer form of methylcoil too close to the region of interest. In our experiments, this factor
was optimized by choosing the appropriate distance of the coil from methacrylate that is polymerized in the presence of an initiator (ben-
zoyl peroxide). Application usually follows the coating of the skullthe ROI and selecting its position on the skull based on models of
the brain and skull surfaces. The exact position of the coil was with some kind of protective varnish (e.g., Copalite, Cooley & Cooley
Ltd., Houston, Texas) to reduce the possibility of acrylic rejection.adjusted with a CAD/CAM program (Computer Aided Three-Dimen-
sional Interactive Access, CATIA; Dassault System 	 IBM, Version Recently, a number of orthopedic bone cements (e.g., Palacos,
Merck Biomaterial GmbH, Darmstadt, Germany) have also been4.22) before the surgical procedure, taking into account local curva-
ture of the bone and position of the area of interest, thereby defining used that consist of beads containing antibiotics such as gentamicin
because such cements have a smaller number of free radicals andnot only the stereotaxic coordinates of the coil center, but also the
exact depth of the intraosteally groove within which the coil was they produce less heat during polymerization. In all cases, however,
the polymerization process remains a strongly exothermic reactionplaced.
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Figure 9. Photograph and Electronic Sche-
matic of an Actively Switched Transmit Coil
that Can Also Be Used as a Transmit/Receive
(Transceive) Coil for More Global Experi-
ments
(A) Photograph of the transmit coil. This coil
is a type “double D” structure with RF current
feeding points at the common base. B1 fields
are shown in Figure 8E. The loops were made
from 12 mm wide, 0.5 mm thick silver strips
wrapped around approximately 140 of a cy-
lindrical acrylic former. (B) Electronic sche-
matic of the transmit coil. The pin diode type
UM 7204 driven via radio frequency chokes
was used to activate the coil during trans-
mission.
that can generate temperatures of up to 100 centigrade, which in were first precisely defined in space, taking additional implants and
off-limit areas of the skull such as ridges and indentations intoturn can result in thermal necrosis of the bone. In addition, free
account, and subsequently used as fixed points for the constructionmonomers—even in reduced concentrations—are toxic and typi-
of the implants.cally result in skin irritation, inflammation, and shortly thereafter
The surfaces of the primitives (cylinders, ellipsoids, extrusions)infections and implant rejection.
were first drawn on a plane, and then the contours of the implant’sTo tackle this problem, we developed various form-specific,
contact surface and the vectors of the implant screws were deter-acrylic-free, and MR-safe implants out of histocompatible materials
mined on the mounting plate (Figure 10B, middle left drawing). Thewith the highest available mechanical strength, in order to use them
mounting plates for the screw brackets were designed on the basisas either fixation devices or recording chambers in combined psy-
of these three-dimensional geometrical forms, taking into accountchophysical, electrophysiological, and imaging experiments with
(1) anatomical requirements such as rounded edges and bone thick-alert, trained monkeys. A 5-axis Willemin W428 milling machine
ness, (2) design requirements such as isodirectionality of surfaces,was used to produce the form-specific implants and to construct a
degrees of freedom of the CNC (Computerized Numerical Controls)number of other MR-related devices as well. The Willemin W428
machine, etc., and (3) technical requirements (e.g., strain/stabilitypermits the computer-controlled development and production of
constraints). Primitives and partially calculated surfaces or shapes
large, complex work pieces. The implants are modeled after the
were combined and rounded to form the skull side of the implant.
animals’ skull form using anatomical MRI data. Typically, an anatom-
A multi-modeling environment made it possible to include existing
ical scan with isotropic, 0.5 mm voxel size (field of view 12.8  12.8 implants (whether already in place or constructed but not yet im-
cm2, 256 256 matrix, 160 slices) was made, and the brain and skull planted) in the calculations and, if needed, to model and build around
regions were defined and extracted using standard morphological them. All coordinates were taken with respect to the Frankfurt zero-
segmentation techniques (Figure 10A). plane, defined as the plane including the interaural line and the
The volumetric data were subsequently converted by an adapt/ infraorbital ridge (depicted by saline-filled bar-markers in the MR
deform algorithm into a set of geometric constructs (line segments scans). Figure 10B, right panel shows a computer rendered monkey
or polygons) whose vertices were specified in a three-dimensional head with a portion of the skull above the lunate sulcus removed.
space (Figure 10B, left panel). In addition, the exact position of the This kind of computer manipulation was used to guide the precise
implant center was determined by specifying the coordinates of the placements of the implants. The lower right photograph shows ex-
area of interest (a particular skull position for headposts, and a brain amples of metallic (not used for the MRI experiments) and TecaPEEK
region for recording chambers). Based on the coordinates of the implants. They were all secured with ceramic screws only (i.e., with-
implant centers and the polygon vertices, a mounting plate was out dental acrylic). The computerized milling machine was also used
generated and used as a central element for the construction (Figure for the construction of the holders of the implantable coils (Fig-
ure 10C).10B, left panel). For a three-point head mount, the mounting points
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Figure 10. Procedure for Making and Im-
planting RF Coils
(A) The surface of the brain and skull are mod-
eled by tiling (iso-surfaces) from anatomical
MRI data. (B) Implants were modeled ac-
cording to the skull surface (see text). The top
right panel shows the reconstructed head.
In the middle right panel, the skull has been
removed above the area of interest. From left
to right, the lunate, the superior temporal, and
the intraparietal sulci can be seen. This com-
puter-aided site selection was used both for
the placement of recording chambers (data
not presented here) and for the placement of
the small implantable RF coils. The lower right
photograph shows one-year-old implants on
an animal’s head. Note the smooth, infection-
and irritation-free interface between skin and
implant. The middle left drawing shows the
mounting plate (shown as red points on the
skull’s wire-frame) that was generated and
used as a central element for the implant con-
struction. (C) Form-specific RF-coil holders
from different viewpoints. (D) Surgical posi-
tioning of the implant. The skin was under-
mined and is reflected laterally, the superficial
occipital and auricular muscles were elevated
and a groove of approximately 1.5 mm depth
was made using a trephine ( 18 or 22 mm,
2.5 mm wall thickness). Both the RF coil and
its form-specific holder were then placed at
the desired coordinates and angle.
TecaPEEK percutaneous implants, although reasonably well tol- slices were selected parallel to this plane. Typically the surgical
procedure was carried out as follows.erated by the tissues, did not prove as good as the titanium implants.
In contrast to the almost ideal skin-to-metal interface observed with The monkey was generally placed in a reverse Trendelenburg
position, with the surgical table tilted so the head was higher thanthe metallic implants, skin retraction was observed for most Teca-
PEEK implants. It should be noted, however, that the tissue compati- the feet. The head was placed in the stereotaxic device so the back
of the head was turned toward the surgeon. The body of the animalbility of metallic implants in our laboratory was enhanced by surface-
roughening (50–80m pores) and coating them with hydroxylapatite was completely immobilized by a formable vacuum mattress (60 
80 cm). Following hair removal, small drapes (mud-flaps) were first(HA), which provides a biologically acceptable matrix for the deposi-
tion of new bone and the maintenance of intimate bone-implant placed around the site to be scrubbed, with particular care taken
to protect the eyes. The surgical site was thoroughly cleansed withcontact. This coating also proved beneficial for the metal-to-skin
interface. A major drawback is that high-temperature coating is the rapid-acting antiseptic betadine (scrub solution, with 0.75%
available iodine). The area was dried with the sterile towel, andtypically required to avoid the separation of the hydroxyapatite from
the titanium (plasma coating by Medicoat AG, Switzerland), which subsequently painted with betadine-paint solution (1.0% available
iodine). Next, a fanfold sheet was unfolded by either the scrub nursecaused deformation of the plastic implants. We are currently investi-
gating various types of enhanced TecaPEEK materials that may or the surgeon to cover the animal completely from just below the
permit HA-coating for better tissue compatibility. margin of the utility drapes. A final drape with a sticky underside
was placed directly over the incision site. The implant site was
marked under stereotaxic guidance and based on anatomical infor-Surgery and Surgical Anesthesia
mation derived from MRI scans.In the fMRI experiments, the skull form-specific head-holder was
For the headpost, a large semicircular incision (skin flap) wasmade out of PEEK (polyether etherketone; TecaPEEK, Ensinger,
made, looping caudally to expose the skull. The skin flap was turnedInc., Nufringen, Germany) and implanted stereotaxically on the cra-
forward and wrapped with saline-soaked gauze. Hemostasis wasnium of each animal under general anesthesia (balanced anesthesia
accomplished mechanically with hemostatic clips and/or electro-consisting of isoflurane 1.3% and fentanyl 3 g/kg I.V. injections,
cautery. The headpost was placed in position and the screw loca-with 1.8 l/min N2O and 1.0 l/min O2) using aseptic techniques. The
tions were marked with a sterile skin marker. Holes were drilled andimplant was secured with custom-made ceramic rather than tita-
preliminary titanium screws were inserted in the marked positionsnium screws (zirconium oxide Y2O3-TPZ 5  1, Pfannenstiel, Ger-
to avoid straining the ceramic screws during the initial fitting of themany). During the experiment, a custom-made restraining device
implant. After placing all titanium screws, one screw at a time wasmounted on the MRI chair held the animal’s head. The Frankfurt
removed and replaced with the same size ceramic screw.zero-plane, including the interaural line and the infraorbital ridge,
was at an angle 20 off the horizontal plane, and all transverse NMR The surgery for the RF coil involved making an incision on the
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Table 2. Imaging Parameters
Method FOV (mm) Matrix TE/TR SW (kHz) Segments Eff. SW (Hz)
EPI 642  2 1282  13 20/750 101 8 6312
EPI high res. 322  0.72 to 642  1 2562  5 23/750 to 63/1500 50 to 150 8 to 16 3125 to 9375
EPI time course 582  0.7 to 1282  2 1282  13 20/250 100 8 6250
MDEFT 2D 642  1.0 2562  1 5/20 62.3 32
MDEFT 3D 1282  0.5 2562  160 4/15 61.7 4
EPI  echo planar imaging  functional scan protocol; MDEFT  modified driven equilibrium with Fourier transform  T1-weighted anatomy
scan protocol; FOV  field of view; Matrix  number of real data points collected (read  phase  slice); TE/TR  echo time/repetition time;
SW  spectral width, the acquisition bandwidth; Segments  number of interlaced acquisitions for each image; Effective (Eff.) SW  reduced
bandwidth during segmented EPI. All parameters quoted are ranges that were used throughout all experiments and scans. Detailed parameters
for scans that are discussed are included in the legends of all corresponding figures.
posterior part of the skull. The skin was undermined and reflected min after supine re-positioning (Logothetis et al., 1999). For the
protocol used in these experiments, all stress hormones were foundlaterally by gently rolling it over a skin towel or gauze sponge to
prevent interruption of its vascular supply along the base of the to be within the normal limits. In fact, the concentrations of noradren-
aline and adrenaline during the experiments were only 10% andpedicle. Again, cutaneous hemorrhage was controlled mechanically
by ligation and electrocautery using a monopolar (Bovy) or bipolar 4%, respectively, of those measured when the control blood sam-
ples were taken from awake animals. Dopamine was observed onlycoagulator. The superficial occipital and auricular muscles were
elevated with periosteal elevators to expose the occipital and pari- in the control blood samples.
etal bones. A groove of approximately 1.5 mm depth was made with
a trephine ( 18 mm or 22 mm, 2.5 mm wall thickness [Figure 10D]). Optical Corrections
Following the restraint of the animal, two drops of 1% ophthalmicBoth the RF coil and its form-specific holder were then placed at
the desired coordinates and angle. The RF coil holder was secured solution of the anticholinergic cyclopentolate hydrochloride were
instilled into each eye to achieve cycloplegia and mydriasis. Refrac-with screws at its base, while the coil itself was held in place by a
set of binders. Subsequently, the muscle, the fascia, and the skin tive errors were measured after the induction of paralysis, approxi-
mately 1 hr after the application of cyclopentolate. Subsequently,were sutured and the monkey was removed from the stereotaxic
instrument and allowed to recover. The animal was postsurgically contact lenses (hard PMMA lenses by Firma Wo¨hlk, Kiel) with the
appropriate dioptric power were used to bring the animal’s eye totreated with iodine spray and with antibiotics (enrofloxacin; BaytrilTM)
and analgesics (flunixin; Finadyne vet.), both given subcutaneously focus on the plane at which the stimuli were to be presented. The
eyes of the monkeys were kept open with custom-made irrigatingfor several days postoperatively. It was furthermore held in a spe-
cially designed recovery chair for a few days before being returned lid specula to prevent the drying of tissues. The specula were con-
structed so as to irrigate the eye at the medial and lateral canthus,to the animal quarters.
with a saline infusion at a rate of 0.05 ml/min.
Anesthesia for fMRI
After premedication with glycopyrolate (I.M. 0.01 mg/kg) and keta- Generation and Positioning of the Visual Stimulus
The visual stimulator was a dual processor Pentium II workstationmine (I.M. 15 mg/kg), a 20G intravenous catheter was introduced
into the saphenous vein, and the monitors (HP OmniCare/CMS; running Windows NT (Intergraph Corp., Huntsville, Alabama) and
equipped with two VX113 graphics subsystems. The screen resolu-ECG, NIBP, CO2, SpO2, temperature) were connected. The monkeys
were preoxygenated and anesthesia was induced with fentanyl (3 tion of each subsystem was reduced to 640 by 480 pixels and the
frame rate to 60 Hz. All image generation was in 24 bit true color,g/kg), thiopental (5 mg/kg), and succinylcholine chloride (3 mg/
kg). Following the intubation of the trachea, the lungs were ventilated using hardware double buffering to provide smooth animation. The
stimulation software was written in C/OpenGL with a client driverusing a Servo Ventilator 900 C (Siemens, Germany), maintaining an
end-tidal CO2 of 33 mmHg and oxygen saturation over 95%. Bal- specific for Intergraph hardware. The two 640  480 VGA outputs
were use to drive the left- and right-eye liquid crystal displays (LCD)anced anesthesia was maintained with end-tidal 0.35% (0.23 MAC
for macaques) isoflurane in air and fentanyl (3 g/kg/hr). Muscle of a fiber-optic system (Avotec, Silent Vision, Florida). Each LCD
had a resolution of 832H  624V, and a field of view (FOV) of 30H relaxation was achieved with mivacurium (5 mg/kg/hr). Body tem-
perature was kept constant, and lactated Ringer’s solution was 23V degrees of visual angle, focused at 2 diopters. The effective
resolution, 530H  400V fibers, was determined by the fiber-opticgiven at a rate of 10 ml/kg/hr. Intravascular volume was maintained
by administering colloids (hydroxyethyl starch, 30–50 ml over 1–2 projection system. Binocular presentation was accomplished with
two independently positioned plastic, fiber-optic glasses. Position-min as needed). Emergence from anesthesia was typically without
complications and lasted an average of 30 min. The paralytic and ing was aided by a modified fundus camera (Zeiss RC250) that
permitted simultaneous observation of the eye-fundus and a 30H fentanyl were stopped, and ventilation was lowered to stimulate
spontaneous breathing. When spontaneous respiration was assured 23V degrees calibration frame. This process ensured the alignment
of the stimulus center with the fovea of each eye.and the CO2 was below 40 mmHg, the trachea was extubated. During
the entire experiment, the vital signs of the monkey and the depth The timing of stimulus presentation and of the acquisition of im-
ages was controlled by a local network of three industrial PCs, eachof anesthesia were continuously monitored so that we could always
respond accordingly. with one Pentium CPU (Advantec, Inc.) running the QNX real-time
operating system (QNX Software Systems Ltd., Canada) and ourThe above protocol has been established as optimal for both
imaging and for the elimination of any discomfort to the animal. It own software for experiment control and data acquisition. In time-
resolved experiments, a pulse sent by the anesthesia machine trig-is well known that discomfort or stress would be masked by muscle
paralysis, raising the question of what levels of light anesthesia are gered a sequence of 32 dummy scans to avoid magnetization tran-
sients. Immediately after the last dummy scan, each excitation wasappropriate to avoid suppression of cortical activity and reduce the
anesthesia-depth-dependent breakdown of the brain’s autoregula- preceded by a pulse signal that was acquired and stored by the
state-system program running on the QNX computer. The lattertion, while ensuring the elimination of stress to the animal. In previ-
ous studies, stress was assessed by examining the concentration of controlled the presentation of the stimuli. When we used a block
design for optical stimulation, each excitation was also precededplasma catecholamines (adrenaline, noradrenaline, and dopamine)
under different anesthesia protocols during five critical manipula- by a pulse signal. The first pulse signal initiated the stimulation and
the following ones were counted by the state-system program totions of the animal: immediately after intubation and stereotaxic
positioning, 20 and 120 min after upright positioning, and 0 and 20 ensure the precise timing of stimulus presentation.
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